We report on the use of patterned ferroelectric films to fabricate proof of concept tunable one-pole microstrip filters with excellent transmission and mismatch/reflection properties at frequencies up to 24 GHz. By controlling the electric field distribution within the coupling region between the resonator and input/output lines, sufficiently high loaded and unloaded Q values are maintained so as to be useful for microstrip filter design, with low mismatch loss. In the 23-24 GHz region, the filter was tunable over a 100 MHz range, the loaded and unloaded Q values were 29 and 68, respectively, and the reflection losses were below −16 dB, which demonstrates the suitability of these films for practical microwave applications.
INTRODUCTION
Ferroelectric devices have been targeted for use in a variety of tunable microwave applications, such as phase shifters [1] [2] [3] [4] [5] [6] , filters [7] [8] [9] [10] , and impedance matching networks [11] . Key reasons for pursuing ferroelectric research are the potential for improved circuit performance with respect to those achieved using more established tuning technologies such as semiconductor varactor diodes for low-loss, tunable devices at X-band (8-12 GHz) and higher frequencies, negligible dc power needed for tuning, as well as good RF power handling capabilities [12] . As commercial devices expand to higher frequencies and bandwidths, and electronic devices adopt increasing functionality and become more adaptable, the need for electronic tuning will expand. Hence, the future for ferroelectric tuning appears promising. Most of the tunable filters realized to date have used the entire ferroelectric thin film layer in microstrip or coplanar waveguide (CPW) configurations [7] [8] [9] [10] . The coupled lines of the filters are biased so as to tune the dielectric constant of the ferroelectric thin films between the coupled lines. The presence of ferroelectric thin film on the entire substrate results in higher insertion loss and poor reflection loss, and these factors become increasingly problematic at higher frequencies. For most filter designs, the capacitance values needed for optimal coupling decrease with increasing frequency, hence optimal device performance requires a method of tuning low capacitance values. In this work, we are introducing patterned ferroelectric thin-films in the coupling regions between the feed lines and the resonator, and reporting how the selectively etched ferroelectric layers are highly suitable for applications such as high frequency microstrip filters, that typically require large separations and small capacitance values between the coupled lines. The selective etching of the ferroelectric thin film and optimal design of the coupling regions could result in lower insertion loss and improved reflection loss as demonstrated by our group in our earlier work [13] .
DESIGN
A photograph of the filter used in this study is shown in Fig. 1 . The filter is designed to operate as a one-half wavelength resonator at approximately 7.7 GHz, with capacitive coupling from the radio frequency (RF) input and output ports to the resonator. The gap between the input/output ports and the resonant section is 114 µm, chosen for weak coupling at the fundamental frequency. The central resonant section of the filter consists of a 0.494 cm long, 140 µm wide microstrip line, patterned onto a 254 µm thick lanthanum aluminate (LaAlO 3 henceforth LAO) substrate. The dielectric constant (ε r ) of LAO is 24 [14] , thus the device is expected to operate as a λg/2 resonator at 7.7 GHz, and as a λg and 3λg/2 resonator at approximately 15.5 and 23.2 GHz, respectively. The RF performance of the non-tunable filter was simulated using a commercial software program (IE3D) and the results are shown in Fig. 2 . In the tunable version of the filter, the ferroelectric film is completely etched from the portion of the resonant section that is not coupled to the input/output lines, nor does the ferroelectric film cover the entire area within the coupling regions between the resonator and input/output lines, as is typical in microstrip design. Instead, the ferroelectric is tapered from the edge of the microstrip lines towards the center of the coupling gap. The width of the ferroelectric film at the points where it contacts the metal lines is 762 µm, and the width of the ferroelectric in the center of the coupling gap (i.e. maximum constriction) is 51 µm. Such a design allows for tunable and weaker coupling, minimizing the coupling losses in the filter. Consequently, the concept being explored is to demonstrate tunability while minimizing mismatch and dielectric losses, thus improving the overall filter performance. The basis for this technology is built upon well established electrostatic principles for the boundary conditions at the interface between two dissimilar electrically insulating materials [15] .
1. The electric flux density ( − → D ) normal to the interface must be equal in both regions.
The electric field (
− → E ) tangent to the interface must be equal.
Starting with the expression − → D as a function of − → E , dielectric permittivity of free space (ε 0 ), and dielectric constant of the medium (ε),
For two dielectric regions electrically connected in series,
Thus,
As shown in Fig. 3 , this has two key implications for − → E when ε 1 ε 2 . First, − → E in the high dielectric region (region 1, ferroelectric) will be directed nearly parallel to the ε 1 /ε 2 interface. Second, − → E in the low dielectric region (region 2, the substrate) will be directed nearly normal to the ε 1 /ε 2 interface.
The shape of the etched ferroelectric layer determines the direction of − → E in the coupled region. Since the effective dielectric constant and propagation velocity inside the coupled region are dependent on the E-field vector, the patterned ferroelectric layer introduces a tool that can be used to control the even and odd components of the electric field. The goals of this work are to utilize selective etching to substantially reduce the effective coupling and mismatch loss, and reduce the dielectric loss introduced by the presence of the ferroelectric film while maintaining high tunability. Accomplishment of these goals would substantially boost the attractiveness of ferroelectric tuning in high frequency (X-band and above) microstrip circuit elements. This technology could increase the frequency range over which passive microstrip devices (such as filters) are useful, since tuning technology would enable precise placement of poles and zeros, allowing greatly enhanced control over the bandpass or bandstop characteristics [16, 17] . At a more advanced level, tuning technology could enable device reconfiguration-a highly desirable feature for emerging applications such as software defined radio (SDR) [18] .
EXPERIMENTAL
The selectively etched ferroelectric films used to tune the filters consisted of 0.4 µm thick Ba 0.50 Sr 0.50 TiO 3 (BSTO) ferroelectric thin films, grown on LAO substrates using pulsed laser deposition (PLD). Standard positive photolithography and wet etching techniques were used to selectively etch the BSTO films. The BSTO was selectively etched in a 1:20 Hydrofluoric acid:deionized (DI) H 2 O solution, and the etch rate was approximately 30 nm/min. The etched ferroelectric layer is shown in Fig. 1 . A lift-off photolithographic process was used for the fabrication of the gold filters. A gold layer ∼2 µm was deposited for the ground plane to complete the circuit fabrication.
For RF characterization the filters were tested inside a vacuum chamber to allow for high voltage biasing of the resonator. Voltages up to ± 400 volts dc could be applied for testing these filters. Since the width of the coupled gaps was 114 µm, the maximum electric field was 3.5 volts/µm. The transmission and reflection scattering parameters (S 21 and S 11 , respectively) were measured at room temperature using an HP 8510C network analyzer. So as to identify and quantify the loss mechanisms, the types of losses were characterized as insertion loss (L I ) reflection loss (L R ), mismatch loss (L M ), and dissipation loss (L D ), where the dissipation losses include conductor, dielectric, and radiation losses. The following formulas were used for evaluation of filter performance [19] :
where P in is the power that is coupled to the resonator ( = P available −P mismatch )
RESULTS AND DISCUSSION
Experimentally, a nontunable filter containing no ferroelectric materials displayed resonances at 7.9, 15.6, and 23.7 GHz, showing fairly good agreement with the model (see Fig. 2 ). The nontunable filter is used as a reference for computation of various losses. The tunable filter showed three distinct bandpass regions, corresponding to frequencies at which the filter was λ g /2, λ g , and 3λ g /2 wavelengths long. The presence of the ferroelectric strongly impacted the resonator coupling as well as the tunability. A plot of insertion loss (S 21 ) for the bandpass region at ∼7.7 GHz is shown in Fig. 4 . The filter is tunable over the frequency range 7.64-7.80 GHz, and the insertion loss varies from −5.5 to −4.8 dB over the same frequency range. The corresponding reflection loss (S 11 ) data are shown in Fig. 5 . The minimum reflection losses for the tunable filter vary from −7 to −8 dB, and the minimum reflection loss for the nontunable filter was −10.5 dB. The S 22 spectra of the tunable filter is similar, with the S 22 minima, 3 dB bandwidths S 22 , and frequencies of where minimum S 22 occur corresponding closely to the S 11 spectra. Based on these values, the insertion losses for the tunable filter attributable to impedance mismatch ranged from −0.70 to −0.50 dB, with the remainder attributable to dissipation (conductor, dielectric and radiation) loss. Since the insertion loss of the non-tunable filter is −4.0 dB, we estimate that the insertion losses directly attributable to dielectric losses in the ferroelectric ranges from approximately −1.5 to −0.8 dB. The loaded quality factor (Q L ) of the resonator varies only a small amount with bias voltage, with small enhancements observed with higher tuning voltages. For tuning voltages of 0, 100, and 400 volts (i.e., 0, 0.88, and 3.55 volts/µm, respectively), Q L values are 22, 22, and 26, respectively. The unloaded Q (Q U ) was calculated using the insertion loss and loaded Q values, using the expression
and Q U for the resonator at 0, 0.88 and 3.55 V/µm are 47, 49, and 63. The minimum insertion loss for the nontunable filter is at 7.9 GHz, and Q L and Q U are 38 and 86, respectively. Plots showing insertion loss as a function of frequency, taken at temperatures ranging from 200-300 K, are shown in Figs. 6 and 7. The data in Fig. 6 were taken with no bias voltage applied to the ferroelectric. Altering the temperature from 300 to 200 K shifted the resonant frequency from 7.62 to 7.78 GHz. Q L and Q U at 200 K were 23 and 52, respectively. The data in Figure 7 were taken at the maximum bias voltage of 400 volts (=3.5 volts/µm), and a shift from 7.80 to 7.88 GHz is observed. At 300 K, Q L and Q U are 26 and 63, respectively. Lowering the temperature to 200 K causes these values to improve slightly, to 28 and 73 respectively.
Insertion loss data for the second passband with center frequency at ∼15.5 GHz, corresponding to the frequency range where the resonator is λg long, is shown in Fig. 8 . The filter is tunable from 15.40-15.55 GHz, and the insertion loss varies from −3.8 to −2.8 dB. The S 11 reflection loss data are shown in Fig. 9 , and varies from −12 to −14 dB. Compared to the λg/2 data, the reflection loss of the tunable filter is considerably better. Nevertheless, the minimum reflection losses are still smaller in the non-tunable version. The reason the insertion loss of the nontunable filter is higher than that of the tunable filter is that the S 11 and S 22 minima are not at the same frequency-the S 22 minima is observed at 15.50 GHz, whereas the S 11 minima is at 15.60 GHz. This underscores the importance of tuning the coupling so as to optimize filter performance. The loss due to impedance mismatch is calculated to range from −0.50 to −0.37 dB, with the remainder attributable to dissipation loss. At a bias fields of 0, 0.88, and 3.5 volts/µm, Q L is 21, 21, and 22, respectively. Q U at the same bias voltages are 59, 61, and 76, respectively. Since the insertion loss of the non-tunable filter is higher than that of the tunable filter, it is difficult to separate the ferroelectric losses from the other dissipation losses. Insertion loss versus frequency, over the temperature range 200-300 K for the unbiased filter are shown in Fig. 10 . Varying the temperature from 300 to 200 K shifts the resonant frequency from 15.40 to 15.52 GHz. At 400 V (Fig. 11) , Q L and Q U are 26 and 76. With the filter biased to 3.55 V/µm, the resonant frequency The third bandpass response is centered at ∼23.4 GHz, corresponding to a resonator length = 3λ g /2. As shown in Fig. 12 , the filter is tunable from 23.35-23.48 GHz, with minimum insertion losses ranging from −4.8 to −4.4 dB. The S 11 rejection, shown in Fig. 13 , is excellent. The minimum rejection is at least −20 dB, and sharp, well-formed poles with S 11 values that extend below −30 dB are clearly visible. The losses attributed to impedance mismatch are negligible-less than −0.01 dB. The S 22 rejection (not shown) is not as low as S 11 , although S 22 values ranging from −12 to −16 dB were observed at each of the tuning bias levels. The performance of the tunable filter in this frequency range was limited by mismatch at port 2, and the jagged shape of the S 21 spectra results from non-optimized coupling at port 2. In the future, filters will be designed such that coupling at each of the ports can be independently tuned. At a bias fields of 0, 0.88, and 3.5 volts/µm, Q L is 29, 29 and 31, respectively, and Q U is 67, 70, and 74, respectively. The insertion loss of the non-tunable filter at 23.6 GHz is −2.3 dB, hence the additional insertion loss directly attributable to the ferroelectric film is in the −2.5 to −2.0 dB range. Q L and Q U for the nontunable filter are 17 and 52 respectively-markedly inferior to results obtained for the tunable filter. Insertion loss versus frequency with no bias, over the temperature range 200-300 K, is shown in Fig. 14 . Q L and Q U vary from 29 and 67 (at 300 K) to 32 and 82, respectively, at 200 K. Figure 15 shows that increasing the bias voltage to 3.5 V/µm has minimal effect on Q L and Q U over the same temperature range.
CONCLUSIONS
Tunable microstrip filters, using selectively etched BSTO ferroelectric layers as the tuning mechanisms, have been shown. The ferroelectric layers were etched so as to alter the direction of the electric field within the coupled gap. The etched pattern used in these filters induced a longitudinal component to the electric field. This approach reduces filter losses to values that are only slightly higher than the losses with no ferroelectric present, while still maintaining a high level of tunability. These results show that selectively etched ferroelectric layers can introduce a means to control the precise placement of transmission poles needed to tailor the response of high frequency microstrip filters. Although the current work is preliminary, it appears that the patterned ferroelectric approach may offer a valuable tool for optimizing the performance and tunability of planar microwave filters.
